The functional network topology of the adult human brain has recently begun to be noninvasively mapped using resting-state functional connectivity magnetic resonance imaging and described using mathematical tools originating from graph theory. Previous studies have revealed the existence of disproportionally connected brain regions, so called cortical hubs, which act as information convergence zones and supposedly capture key aspects of how the brain's architecture supports human behavior and how it is affected by disease. In this study, we present results showing that cortical hubs and their associated cortical networks are largely confined to primary sensory and motor brain regions in the infant brain. Our findings in infants stand in stark contrast to the situation found in adults where the majority of cortical hubs and hub-related networks are located in heteromodal association cortex. Our findings suggest that the functional network architecture in infants is linked to support tasks that are of a perception--action nature.
Introduction
A detailed knowledge of the connectional matrix of the human brain, sometimes referred to as the ''human connectome'' (Sporns et al. 2005) , is of central importance to our understanding of human brain function. The term ''connectome'' is usually used to refer to the anatomical mapping of the largescale networks that are believed to support the neuronal basis for human cognition. Recent research using, for example, tensor-based diffusion-weighted magnetic resonance imaging (DT-MRI) to measure directionality of white matter fiber bundles has revealed the existence of so-called cortical hubs (Sporns et al. 2007) in the cerebral cortex. The term ''cortical hubs'' is used to describe brain regions that show a disproportionally high degree of anatomical connectivity and are thought to play an important role in the control of information flow (Gong et al. 2008; Hagmann et al. 2008) . The aim to map the human connectome has recently been extended to also include in vivo measurements of functional connectivity that are based on resting-state functional magnetic resonance imaging (rsfMRI) (see Fox and Raichle 2007 for a review). Several rs-fMRI studies have demonstrated the existence of functional cortical hubs, predominately situated in heteromodal higher-order association cortex, that consistently show a high degree of functional connectivity in the adult brain (Archard et al. 2006; Salvador et al. 2008; Buckner et al. 2009 ). Notably, the majority of the strongest cortical hubs found in the adult brain tend to reside in brain areas that previously have been assigned to the brain's default network (Buckner et al. 2009 ). This finding further emphasizes the potential link between brain network topology and cognitive function.
In parallel, progress has been made to adapt methods for quantitative network analysis, primarily developed within graph theory, to characterize and quantify brain networks (Bassett and Bullmore 2006; Bullmore and Sporns 2009 ). This methodological development has provided the possibility to assess the topographical properties of brain networks based on data from fMRI, DT-MRI, as well as from electrophysiological recordings. Key concepts to describe and quantify complex brain networks are the presence of cortical hubs, network path length, local clustering coefficients, node degree centrality, node degree betweenness, and the presence of small-world network characteristics (Albert and Barabasi 2002) . Interestingly, quantitative measures not only provide information regarding the brain's structural and functional network architecture but are also relevant for the study of brain disease and early brain development (see also recent review by Ment et al. [2009] for a recent review on premature birth and white matter injuries). Quantitative differences in network topology have previously been described in patients diagnosed with schizophrenia (Liu et al. 2008) , Attention-Deficit Hyperactivity Disorder (Wang et al. 2009 ), as well as in Alzheimer's disease (Buckner et al. 2009; Supekar et al. 2009 ). Additionally, changes in functional brain network topology related to development in children aged from 7 years and upward have recently been described (Fair et al. 2009; ).
Although it is well known that the cerebral cortex is organized according to a modular organization that includes parallel distributed networks (Goldman-Rakic 1988; Mountcastle 1997) , the overall functional network architecture of the human brain at the time of birth is still largely unknown. Previous work in the infant brain has shown that both corticocortical and thalamocortical connections are formed during the second half of gestation (Kostovic and Jovanov-Milosevic 2006) . At a cellular level, it has been shown that a rapid growth of dendrites occurs during the first postnatal months (Petanjek et al. 2008) and that synaptogenesis as well as synapse elimination is heterochronous in the cerebral cortex (Huttenlocher and Dabholkar 1997) . Moreover, previous investigations of short-range connections in the visual cortex have shown that intracolumnar connections develop earlier than intercolumnar projections (Burkhalter et al. 1993) . Previous fMRI studies in infants have focused primarily on the emergence of the brain's default network (Gao et al. 2009 ) and, additionally, on the presence of resting-state networks (Fransson et al. 2007 (Fransson et al. , 2009 ). In the present study, we aimed to investigate the functional architecture of the infant brain at a high spatial resolution using rs-fMRI functional connectivity combined with network analysis using graph-theoretical measures.
The specific aims of the present study were 3-fold. First, we aimed to explore the potential presence of cortical hubs in the infant brain. Specifically, we focused on characterization of similarities and differences in the anatomical localization of cortical hubs compared with the adult brain. Second, we sought to identify the cortical networks associated with cortical hubs in the infant brain. In particular, we were interested in the extent to which identified hubs belonged to the same network or were involved in separate networks. To do this in an unbiased manner, cohorts of adult as well as infant subjects were divided into 2 independent data sets. The first data set (Data set 1, 9 subjects in each age group) was used to identify the location of candidates for cortical hubs. Candidates for cortical hubs at the level of individual image voxels were identified using 2 metrics. We first calculated the ''degree centrality'' for each target voxel, which is a measure of the number of brain voxels that are significantly correlated with it. Subsequently, we computed the ''degree betweenness'' for all voxels. Degree betweenness is a measure of how often a given brain voxel is visited on the shortest path between any 2 pairs of voxels. The betweenness measure complements the calculations based on the centrality metric in that it provides a more formal account of the extent to which a given network node (image voxel) acts as a connector within larger networks. The second data set (Data set 2, 9 subjects in each age group) was used to compute hub-related connectivity patterns based on a seed-based region of interest (ROI) functional connectivity analysis. Finally, we aimed to investigate the overall topographical structure of the functional organization of the infant brain. This was carried out by computing voxel-based measures of graph characteristics such as clustering coefficients and characteristic path lengths using both Data sets 1 and 2. Together, the 2 measures provide a possibility to assess whether the topographical functional network structure of the infant brain possesses small-world characteristics (Watts and Strogatz 1998) , a network property that has previously been detected in the adult human brain (van den Heuvel et al. 2008) as well as in children aged from 7 years and upward (Fair et al. 2009; Supekar et al. 2009 ).
Materials and Methods

Subjects
In the cohort of infant subjects, fMRI imaging data from 18 infants were included in this study. All infants were born at full term, scored a normal Apgar score, and were born via planned caesarean section. All infants were scanned during natural sleep. To facilitate sleep and successful scanning, all infants were fed prior to the MR examination. Anatomical MR images were analyzed by an experienced pediatric neuroradiologist, and all MR scans were found to be normal without any visible brain abnormalities. All included infants were appropriate for their gestational age with regard to birth weight, height, and head circumference (mean gestational age: 38 weeks and 5 days, mean age at MRI: 39 weeks and 2 days; see Supplementary Table 1 for a complete list of all included infants). Further information can be found in Fransson et al. (2009) . The cohort of adult subjects consisted of 18 subjects (age 22--41 years, mean 29 years) with no history of neurological or psychiatric illness (Fransson 2006) . All MR examinations were carried out according to the ethical guidelines and declarations of the Declaration of Helsinki (1975) . The study was approved by the local ethics committee in Stockholm, and parental consent was given prior to examination.
MR Image Acquisition
All infants were scanned during natural sleep on a Philips Intera 1.5 Tesla scanner equipped with a 6-channel receive-only head coil. Echoplanar imaging (time repetition [TR]/time echo [TE]/flip = 2000 ms/50 ms/80 degrees, matrix size = 64 3 64, field of view = 180 3 180 mm) of the infant brain was performed during 10 min. A spatial resolution of 2.8 3 2.8 3 4.5 mm 3 was obtained by acquiring 20 axial slices (slice thickness = 4.5 mm) acquired in an interleaved fashion. Further information regarding anatomical image acquisition in infants is given in Fransson et al. (2009) . MRI acquisition in the adult cohort was carried out on a General Electric Twin-Speed Signa Horizon 1.5 Tesla MR scanner. Functional MR images sensitized to the blood oxygen level--dependent (BOLD) contrast was acquired using an echo-planar image sequence (TR/TE = 2000/40 ms, matrix size 64 3 64, field of view = 220 3 220 mm, flip = 80 degrees, 29 axial slices, slice thickness = 5 mm) yielding a spatial resolution of 3.4 3 3.4 3 5 mm 3 . The adult subjects were instructed to rest and to fixate on a black cross-hair centered on a white screen for throughout the 10 min during which 300 echo-planar image (EPI) volumes were acquired. In addition, 4 dummy scans were acquired in the beginning of each scan to accommodate for T 1 -equilibrium processes.
fMRI Data Preprocessing and Statistical Analysis All image preprocessing (both Data sets 1 and 2) was conducted using the SPM5 software platform (Wellcome Department of Imaging Neuroscience). First, the image realignment algorithm within SPM5 was used to correct for head motion and to create a mean EPI volume. Adult functional images were spatially normalized to the Montreal Neurological Institute EPI template in SPM, whereas the infant images were normalized to an MR infant template (Kazemi et al. 2007 ). Both adult as well as infant brain volumes were resampled to 5 3 5 3 5 mm 3 isotropic voxels to facilitate computational efficiency and to reduce potential effects from the different raw data voxel sizes used. No further spatial smoothing of the data was performed. All functional MRI time series were band-pass filtered (0.012--0.1 Hz). Besides the spontaneous, low-frequency signal fluctuations that are of relevance for the current study, several nonphysiological sources of signal variance are known to exist in BOLD fMRI signal intensity time courses (Birn et al. 2006) . Therefore, influence from spurious sources were minimized by regression of nuisance variables, including the global signal averaged over the whole brain, signals averaged from spaces occupied with cerebrospinal fluid (three separate ROIs located in the lateral and fourth ventricles), and signal from deep white matter as well as the 6 subject motion parameters generated from the image realignment. In addition, inclusion of temporally shifted versions of the nuisance parameters resulted in the inclusion of 22 nuisance parameters in the linear regression model. Only positive correlations were considered in the subsequent graph-theoretical and seed-based ROI correlation analysis due to the ongoing discussion regarding the potential risk of introducing artificial negative correlations by regressing out the global brain mean signal Murphy et al. 2009; Chang et al. 2009 ).
Computation of Cortical Hubs
The basic strategy behind the idea of studying connectivity information obtained in neuroimaging data using graph theory is to treat each image voxel, or alternatively, image region, as a node (voxel) in complex graph. Further, a link (edge) between any 2 nodes (voxels) in the graph is said to exist if the 2 nodes are functionally connected. In this framework, a graph is thus a mathematical description of a complex functional network that consists of nodes and edges (Bullmore and Sporns 2009 ). The voxel-based graph-theoretical analysis of infant and adult image data used in the present study resembles the analysis strategies employed in previous voxel-based investigations in the adult brain (van den Heuvel et al. 2008; Buckner et al. 2009 ). In brief, our investigation of functional brain network connectivity in infants and adults was based on a correlation analysis for which the pairwise correlation coefficient for each target brain voxel with respect to all other voxels was computed. This resulted in a correlation matrix of 4966-by-4966 and 12 805-by-12 805 elements for infants and adults, respectively. Binary, undirected adjacency matrices that represent a graph for each subject were computed by considering voxels x and y to be functionally connected if the correlation coefficient between them exceeded r = 0.3. Since it is plausible that different choices of thresholds might yield qualitatively different results, cortical hubs were also calculated on the basis of adjacency matrices for which either higher or lower threshold coefficients were used. However, although the spatial pattern of cortical hubs changed quantitatively for different choices of threshold, they did not change qualitatively (see Supplementary Fig. 1 ).
Cortical hubs were first assessed by computing the degree of centrality for each node. The degree of centrality for each node was determined by counting the number of nodes that were significantly correlated with it. Maps of degree of centrality were standardized across subjects by converting the numbers to Z-scores for each node. Nodes that displayed peak Z-values in the averaged and standardized maps were considered as candidates for cortical hubs. Local maximum was selected as candidates for cortical hubs if they were separated at least 15 mm apart in space. Further, we computed the degree of betweenness on a node-by-node basis. Degree betweenness is defined as the ratio between all possible paths between nodes that includes the target node and all paths between nodes that are defined as the shortest paths between the 2 nodes. This implies that nodes that occur on shortest paths between other nodes have a higher betweenness than those that do not. Degree betweenness was computed using the Floyd--Warshall algorithm as implemented in the MatlabBGL software package (http://www.stanford.edu/~dgleich/programs/matlab_bgl/).
Calculation of Networks Associated with Hubs
The 10 strongest candidates for cortical hubs based on the degree centrality measure calculated from Data set 1 were used to define spherical ROI (radius = 5 mm) centered on the peak coordinates. Signal intensity time courses were extracted from all ROIs and subjects in Data set 2, and after data preprocessing described above, a correlation analysis with respect to all other voxels was performed for each candidate hub (Fox et al. 2005; Fransson 2005 ). Networks associated with each candidate hub were assessed by computing statistical parametrical maps at the individual level, and a subsequent t-test was performed at the second level (P < 0.005) for each cortical hub candidate.
Calculation of Small-World Network Properties
Based on the adjacency matrices (data from both data sets used), the global topographical organization of the infant and adult brain was assessed by a voxelwise computation of the local clustering coefficient C and characteristic path length L. The clustering coefficient supplies information regarding the local connectedness of a network. Formally, it is defined as the ratio between the number of links between directly neighboring nodes of the target node and all possible links between these neighboring nodes. Moreover, an estimate of the global efficiency of the cortical topology in the infant brain is provided by the characteristic path length. Formally, it is defined as the average number of links or connections that has to be traveled from each node to every other node in the network. Networks that have been observed to show small-world characteristics typically have a clustering coefficient that is larger than that found in a random network of comparable size. Importantly, the high clustering coefficients are paired with characteristic path lengths that are within the short range observed in comparable random networks (Watts and Strogatz 1998) . Our investigation of the small-world characteristics of the infant brain followed the procedure outlined in previous investigations in the adult brain (van den Heuvel et al. 2008 (van den Heuvel et al. , 2009 . In brief, the small-world properties of functional networks in the infant brain were assessed by computing the ratio c defined as C/C random and k defined as L/L random using the MatlabBGL software package (http://www.stanford.edu/ dgleich/programs/matlab_bgl/). Estimates of C random and L random were based on the original binary adjacency matrices as previously described (van den Heuvel et al. 2009 ). Briefly, for each node in the graph, all connections were randomly reconnected to random nodes in the graph network. This implied that the total number of connections for each node was kept similar to the original graph and thereby ensuring that the total degree and degree distribution were comparable to the brain graphs.
Subsequently, C random and L random were defined as the average clustering coefficient and path length for these random networks. Taken together, the parameters c and k provide information regarding the level of local neighboring clustering as well as the average traveling distance within the cortical network relative to a network with random properties. A network is commonly said to have small-world characteristics if c » 1 and k is close to 1. Since all graph characteristics are dependent on the threshold (r) used to create the binary adjacency matrices, we computed the relevant parameters for different choices of thresholding (0.20 < r < 0.40, in steps of 0.05) for the infant brain. Choices of r higher than r > 0.40 resulted in more than 5% of the nodes in the graphs becoming isolated and was thus not evaluated in the present analysis.
In the context of graph-theoretical investigations of brain connectivity, it deserves to be mentioned that there is an ongoing discussion regarding which spatial scale that is optimal to use in the sense of providing an accurate network representation (Butts 2009; Zalesky et al. 2010) . Broadly speaking, previous investigations have either chosen to let each node be represented by individual image voxels (van den Heuvel et al. 2008 (van den Heuvel et al. , 2009 Buckner et al. 2009 ), identical to the strategy chosen here. Alternatively, a considerably coarser spatial scale for brain network graphs has successfully been used, in which each node is represented by larger regions of the cortex where the borders between brain regions are defined using different parcellation schemes (Liu et al. 2008; Wang et al. 2009 ). Importantly, it has been shown that graph topographical measures are not independent with respect to scale. For example, a voxel-based approach to node definition leads to increased values for graph topographical parameters compared with region-based approaches (Zalesky et al. 2010 ). On the other hand, a voxel-based node definition has been found to be more robust with respect to network fragmentation (Hayasaka and Laurienti 2010) . Thus, it is important to note that the topographical network parameters reported here should be viewed in the spatial context for which they were evaluated in. This also implies that a quantitative comparison in terms of differences in the absolute magnitude of degree betweenness and degree centrality across age cohorts is not informative. However, a quantitative comparison between different nodes within each age cohort is indeed valid.
Results
Presence of Cortical Hubs in the Infant and Adult Brain
The spatial distribution of candidates for cortical hubs based on the degree centrality measure is shown in Figure 1 , whereas the peak coordinates of the 10 strongest cortical hubs is given in Table 1 . In adults, candidates for cortical hubs were predominately found in heteromodal areas of association cortex, in the ventrolateral and posterior medial parietal cortex, medial prefrontal cortex (PFC), the insula region, and the temporal cortex. In contrast, the centrality degree metric suggests that in infants strong candidates for cortical hubs are largely to be found in motor, sensory, auditory, and visual primary cortex and to a lesser extent to be found in higher association cortex such as the insula region, precuneus, and the ventromedial PFC. A quantitative table of the degree centrality measure in both adults and infants are given in Supplementary Figure S2A ,C that shows the full distribution for all nodes (voxels). In addition, zoomed-up versions ( Supplementary  Fig. S2B,D) show the location of the candidates for cortical hubs in each distribution. The pattern of candidates for cortical hubs in adults and infants based on the degree betweenness is shown in Figure 2 , which shows a large spatial congruence with the distribution of cortical hubs provided by the centrality metric in Figure 1 . The 10 strongest candidates for cortical hubs based on the degree betweenness measure are given in Table 2 . Taken together, our results for adults are in agreement with previous results that have shown that cortical hubs predominantly reside in brain areas implicated in the default network (Buckner et al. 2009 ). However, the strong correspondence between the spatial localization of cortical hubs and the brain's default network was not found in the infant brain. Rather, in the infant brain, cortical hubs seem to a rather large degree to be located within or adjacent to primary sensorimotor cortices.
Networks Associated with Cortical Hubs in Infants and Adults
The main results of the functional connectivity patterns associated with cortical hubs in adults are shown in Figure 3 . The network associated with the cortical hub in the posterior cingulate cortex (Table 1 , location 4, and Fig. 3A ) included brain regions typically believed to belong to the brain's default network, including the precuneus, bilateral parietal lobule, and medial PFC (for a recent review, see Buckner et al. 2008) . Seed regions corresponding to the candidates for cortical hubs located in the precuneus, dorsomedial PFC, medial PFC, ventromedial PFC, and the left parietal lobule (Table 1 , locations 1, 2, 3, 5, and 6) all showed an overall similar pattern of functional connectivity spanning the default network brain regions. For completeness, the corresponding connectivity patterns are given in Supplementary Figure S3 . However, in line with a previous study (Buckner et al. 2009) , not all cortical hubs were observed to belong to the same network. This is exemplified in the network associated with the cortical hub located in the right insula region (Table 1 , location 9, and Fig. 3B ). This network spans the bilateral insula region, supplementary motor area (SMA), anterior cingulate cortex, the PFC as well as the superior parietal cortex-a network that resembles the frontoparietal attention network (Corbetta and Shulman 2002) , or alternatively, the task-positive network (Fox et al. 2005; Fransson 2005) . Similarly, the functional connectivity analysis of the cortical hub in the left superior temporal cortex and the left insula region (Table 1, locations 7 and 10) showed, albeit to a lesser extent, overlap with the frontoparietal attention network (see networks shown in Supplementary  Fig. S3F--G) . The seed-based functional connectivity analysis based on the cortical hub in the visual cortex (Table 1, location 8) did not reveal any significantly connected brain regions at the statistical threshold used.
In infants, functional networks connected to cortical hubs are summarized in Figure 4 . The seed region located in the cortical hub positioned in the left sensorimotor cortex (Table 1 , location 3, and Fig. 4A ) connected bilaterally to both lateral and medial aspects of the sensorimotor system as well as the Figure 1 . Degree of centrality in adults and infants. The spatial distribution of cortical hubs in adults (A) and infants (B) based on the degree centrality measure. Prominent locations for hubs in adults included precuneus/posterior cingulate cortex, medial PFC, anterior cingulate cortex, bilateral parietal lobule, and bilateral insula. In infants, the majority of cortical hubs were located in the homomodal cortex, foremost in the auditory, visual and sensorimotor areas, and to a lesser extent in the PFC. basal ganglia in the infant brain. Moreover, the connectivity pattern for the networks associated with the cortical hubs located in the SMA and superior and inferior right sensorimotor cortex (Table 1 , locations 1, 4, 7, and 10) were all in overall spatial agreement with the network shown in Figure 4A . For completeness, the corresponding networks are shown in Supplementary Figure S4 . Further, large parts of the auditory cortex were found to be bilaterally functionally connected via the candidate hub located in the left superior temporal cortex (Table 1 , location 2, and Fig. 4B ). The cortical hub candidate located in the medial occipital lobule was found to be associated with a network that spanned the primary visual cortex in the infant brain (Table 1 , location 5, and Fig. 4C ).
Moreover, a hub candidate in the right superior parietal lobule (Table 1 , location 6, and Fig. 4D ) spanned a small functional network that enclosed its left hemisphere counterpart (see also Supplementary Fig. S4E ). Finally, the hub candidate situated in the right dorsolateral PFC (Table 1 , location 9, and Fig. 4E ) showed a weak connection to the precuneus area in the infant brain.
Small-World Characteristics of Functional Brain Connectivity in the Infant and Adult Brain
Small-world network parameters for the infant brain are shown in Figures 5A--D . The corresponding small-world parameters for the adult brain (r = 0.3) were C = 0.15; L = 2.67; k = 1.10 and c = 7.26. For all thresholds used, we obtained characteristic path lengths comparable to random networks ( Fig. 5A ) and clustering coefficients well above those found in random networks (Fig. 5B) . Accordingly, the calculated values for k and c (Fig. 5C,D) show that these parameters are within the appropriate range to support the conclusion that the topological structure of the functional network in the infant brain lies well within the small-world network regime.
Discussion
We have in this report used resting-state fMRI connectivity measures combined with a graph analytical approach to study the functional architecture in the infant brain. Specifically, our investigation focused on the presence and spatial distribution of cortical hubs, which are thought to constitute centers for information flow and neuronal processing in the brain. Whereas the large majority of cortical hubs were located in heteromodal Figure 1 , high scores for degree betweenness in the adult brain were found in the precuneus/ posterior cingulate cortex, medial PFC, insula region, bilateral parietal lobule, and the anterior cingulate cortex. The degree betweenness scores in infants revealed a similar pattern as for the degree centrality measure, with hubs located primarily in the sensorimotor, auditory, and visual cortex but also to some extent in the PFC.
association cortex in adults, cortical hubs in infants were largely found to be positioned in homomodal, primary sensorimotor regions. Regarding the functional connectivity patterns associated with cortical hubs, our results showed that both age groups had in common that cortical hubs are involved in multiple nonoverlapping functional networks. On the other hand, we observed a rather striking difference in hub connectivity in the infant versus the adult brain. In adults, we could confirm previous investigations in that the large majority of candidates for cortical hubs were found in and largely encompass the default mode network and the frontoparietal attention network (task-positive network) (Buckner et al. 2009 ). In contrast, functional connectivity associated with candidates for cortical hubs in the infant brain largely targeted primary sensorimotor, auditory, and visual systems (Fig. 4A --C and Supplementary Fig. S4A --D) and only to a small extent higher-order associative cortex (Fig. 4D,E and Supplementary  Fig. S4E ). Although the exact neuronal origin of low-frequency BOLD signal fluctuations is unknown and its role in cognitive brain function is currently unclear, the present findings provide an insight into the developmental aspects of functional connectivity in the human brain. Under the assumption that cortical hubs mark the presence of highly interconnected brain areas in large-scale cortical networks that are involved in various tasks that require substantial information processing (Sporns et al. 2007) , we suggest that a gradual reorganization of hub network connectivity between birth and adulthood occurs. It should be pointed out that a reorganization of cortical hubs does not imply that the hubs located in the sensorimotor cortex during infancy disappear and are gradually replaced by hubs located in higher associative cortex. Rather, our current results and previous investigations of resting-state networks in infants (Fransson et al. 2007 (Fransson et al. , 2009 ), studies of resting-state networks in adults (Damoiseaux et al. 2006; Smith et al. 2009 ) as well as previous studies on the development of cortical networks during childhood and adolescence (Fair et al. 2009; Supekar et al. 2009 ), suggest that the cortical hubs in sensorimotor cortex are maintained during development but are gradually decreasing in importance in terms of providing a neuronal substrate for information processing relative to hubs located in higher-order association cortex typically found in adolescents and adults.
In the context of cortical connectivity, adult hub-related networks are to a large degree supportive to information processing that has been attributed to the default network ), such as aspects of self-referential thinking , episodic memory retrieval (Kim et al. 2010) , and prospective thought (Addis et al. 2007 ). Moreover, we could also link hub-associated connectivity to the frontoparietal attention network that has previously been implicated in episodic memory encoding (Kim et al. 2010) , decision making, and in goal-oriented attentional tasks (Corbetta and Shulman 2002) . Thus, the organization of adult hub-related networks seems to be centered toward providing a neuronal basis to support complex, adaptive behavior. In contrast, the present results suggest that hub-related network structures in infants are oriented toward our sensory systems with hubs present in the primary visual, auditory, and sensorimotor brain regions. Tentatively, the prevalence of cortical hubs in homomodal, primary brain regions suggests that information flow mediated via cortical hubs is in infants to a large extent dominated by processes related to rather reflexive behavior that has the characteristics of perception--action behavior. However, it should be noted that the present findings by no means preclude previous findings that infants might engage in more advanced cognitive tasks such as the ability to separate speech from nonspeech (Dehaene-Lambertz 2000) . Thus, functional networks that presumably provide a neuronal platform for sustaining advanced behavior seem to be considerably less mature in the infant compared with the adult brain. Further, our findings that in infants cortical hubs and their associated networks primarily span sensorimotor, auditory, and visual networks and to a lesser extent in the default mode network and the frontoparietal attention network Figure 3 . Cortical hubs associated with multiple networks in adults. Examples of functional connectivity networks associated with prominent candidates for cortical hubs based on the degree centrality measure (for reference, see Fig. 1A ) located in the posterior cingulate cortex (A) (see Table 1 , location 4) and the right insula region (see Table 1 , location 9). The seed regions used for the functional connectivity analysis are marked with green dots. The candidate hub located in the posterior cingulate cortex (A) connects to brain regions that typically are assigned to the brain's default network, including the precuneus, medial PFC, and the bilateral parietal lobule. On the other hand, the candidate hub in the right insula region (B) connects to a separate network that includes the bilateral insula region, anterior cingulate cortex, SMA, and the bilateral PFC.
suggest that the neuronal platform for movement and perception is relatively much more developed in the infant than the functions typically associated with the default mode network, such as self-referential thought. However, as suggested by the hub network activity shown in Figures 4D ,E (see also the network shown in Supplementary Fig. S4E ), the posterior part of the default network including the precuneus/ posterior cingulate cortex and the bilateral parietal cortex are at infancy functionally connected. This subnetwork might be considered to constitute a beginning of the formation of the default network, that is, a proto-default network as previously suggested (Fransson et al. 2007) . The weak connectivity between the posterior proto-default network in infants and medial PFC is also in agreement with previous structural investigations that have shown that the white matter tracts that support anterior--posterior connections are relatively less mature than tracts that mediate transcallosal functional connectivity (Hermoye et al. 2006; Dubois et al. 2008) .
Several resting-state functional connectivity studies carried out in children in the age of 7 years and upward have suggested that large-scale cortical networks develop from a ''local and segregated'' to a ''distributed and integrated'' Table 2 , location 3) that encompasses the bilateral sensorimotor system. In (B), the network associated with a candidate hub in the left auditory cortex (Table 2, location 2) is shown that spans the bilateral auditory cortex in the infant brain. (C) This shows the connectivity pattern for a candidate hub in the primary visual cortex (Table 2 , location 5), whereas (D) shows a network associated with a candidate hub located in the right parietal lobule (Table 2, location 6). (E) This shows the network associated with a candidate hub in the right dorsolateral PFC that spans the PFC and the precuneus region (Table 2, location 9). The seed regions used for the functional connectivity analysis are marked with green dots.
organization (Fair et al. 2007 (Fair et al. , 2008 (Fair et al. , 2009 Supekar et al. 2009 ; see also a recent study on the development of the default network by Gao [Gao et al. 2009] ). The studies by Fair et al. (2008) have primarily focused on higher-order networks such as the default, frontoparietal, and cinguloopercular networks, for which they found that resting-state functional correlation strength increases over age between distant regions in space and decreases in strength between regions close in space. Our study supports the idea that changes of functional connectivity strength as a function of anatomical distance also can be extended to the infant brain in so far that we could detect weak hub networks that coincide with only subparts of the default network, that is, the connectivity between the bilateral parietal lobules (Fig. 4D and see also Supplementary  Fig. S4E ) and between the PFC and the midline parietal cortex (Fig. 4E) . Moreover, the idea of a ''local and segregated'' to ''distributed and integrated'' developmental change (Fair et al. 2007 (Fair et al. , 2009 Supekar et al. 2009 ) is in agreement with our finding that the functional connectivity between the posterior part of the default network and frontal midline structures remain relatively weak at infancy. However, by virtue of the fact that we used a whole-brain voxel-by-voxel approach to measure functional connectivity, our results provide important new information in that strong functional connectivity is primarily to be found in primary sensorimotor areas and that these networks dominate the landscape of functional connectivity between distant and closely located areas in the infant brain.
It has been previously been shown that a small-world network organization of the human brain is inherent in both children (Fair et al. 2009; Supekar et al. 2009 ) as well as in adults (Archard et al. 2006; van den Heuvel et al. 2008) . Here, we could show for the first time that a small-world regime in terms of network organization at both the global and local level, including short path lengths combined with a high degree of local clustering, is also valid for the infant brain, comparable to our results in adults. Thus, the hallmark of small-world networks with an efficient network structure for data processing and information flow combined with a low cost in terms of neuronal wiring can be observed in the neuronal network structure already in infancy. Taken together, our results suggest that the characteristics of network organization are similar between infants and adults in that they both share small-world properties. However, at the level of individual networks, a more profound difference between adult and infant brain network organization seems to exist. Whereas resting-state networks in primary sensorimotor regions have previously been shown to exist in both adults (Biswal et al. 1995; Cordes et al. 2000) and infants (Fransson et al. 2007 (Fransson et al. , 2009 Lin et al. 2008) , they seem to play a pivotal role for the networks associated with cortical hubs in infants but much less so in adults. Our findings provide additional support for the idea that the connectivity platform for carrying out tasks related to more basal perception and action behavior matures at a much earlier stage in our life than higher-order cognitive functions. Moreover, under the assumption that cortical hubs act as centers for neuronal information processing and flow, it is noteworthy that previous investigations of glucose consumption in the infant brain have reported that the highest levels of glucose uptake were found in primary sensory areas (e.g., Chugani 1998) .
There are several limitations to the current study. All infants were examined during natural sleep, whereas adult subjects were awake and at rest. The discrepancy in awareness raises the question of whether the observed differences in functional connectivity are influenced by the level of awareness. This issue has previously been addressed in the literature and it was shown that lighter levels of sleep slightly enhance the strength of functional connectivity (Larson-Prior et al. 2009; Horovitz et al. 2008) , whereas deeper levels of sleep have been shown to reduce functional connectivity in the brain (Horovitz et al. 2009 ). Additionally, we have previously shown that sedation during scanning did not have any dramatic effect on restingstate functional connectivity in infants (Fransson et al. 2007 (Fransson et al. , 2009 ). We therefore think that the light sleep condition used for the infants in the present study is unlikely to have made a major contribution to the observed differences in cortical hub connectivity. Of note, newborn infants sleep mainly in active sleep, when spontaneous activity is likely to be higher than during quiet sleep (Biagioni et al. 2005) .
Another open question relates to the degree to which resting-state functional connectivity reflects structural connectivity. Previous studies that have examined both functional connectivity and structural connectivity (using diffusion spectrum MR imaging tractography) have shown that although functional connectivity exists between regions that showed no direct structural connectivity, a large part of the resting-state connectivity is constrained by the large-scale structural anatomy of the adult cerebral cortex (Hagmann et al. 2008; Honey et al. 2009 ). In a recently published review, Damoiseaux and Greicius (2009) examined the existing literature regarding the relationship between structural and functional resting-state connectivity in the adult brain. They conclude that resting-state functional connectivity is indeed based on direct anatomical connections, but not exclusively so. Indirect connections, possibly mediated by a third brain region, are likely to play a role for the pattern of resting-state connectivity. In the case of the infant brain, assessment of the relationship between structural and functional connectivity is further complicated by the rapid development in neuronal myelination that occurs during infancy and the consequences it has for MRI measurements of white matter maturation (Paus et al. 2001) . Since high-resolution diffusion spectrum tractography MRI measurements of the infant brain is still in progress, due in part to the difficulty of obtaining acceptable estimates of the anisotropical diffusitivity of the immature white matter fiber bundles in infants, a direct comparison of structural versus functional connectivity at high spatial resolution in the infant brain is at present not feasible.
In sum, using functional connectivity MRI and a graphtheoretical analysis approach, we were able to provide a first insight into the functional connectome of the human infant brain with an emphasis on the information convergence zones termed cortical hubs. A key finding was that at the time of birth, the functional brain connectome largely involved brain regions responsible for sensation and action, whereas only weak involvement was found for heteromodal brain areas. The present work also opens up a possibility to assess the importance of the establishment of cortical hubs in the infant brain to the effect of white matter injuries typically sustained during extremely premature birth (Huppi et al. 2001 ).
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